We have investigated the temperature dependence of photoluminescence ͑PL͒ properties of a number of self-organized InAs/GaAs heterostructures with InAs layer thickness ranging from 0.5 to 3 ML. The temperature dependence of InAs exciton emission and linewidth was found to display a significant difference when the InAs layer thickness is smaller or larger than the critical thickness around 1.7 ML. The fast redshift of PL energy and an anomalous decrease of linewidth with increasing temperature were observed and attributed to the efficient relaxation process of carriers in multilayer samples, resulting from the spread and penetration of the carrier wave functions in coupled InAs quantum dots. The measured thermal activation energies of different samples demonstrated that the InAs wetting layer may act as a barrier for the thermionic emission of carriers in high-quality InAs multilayers, while in InAs monolayers and submonolayers the carriers are required to overcome the GaAs barrier to escape thermally from the localized states. ͓S0163-1829͑96͒06440-5͔
Spontaneous formation of three-dimensional ͑3D͒ islands during Stranski-Krastanov-like growth of highly strained InAs layers on GaAs substrates by molecular-beam epitaxy ͑MBE͒ has been proposed as a promising way for fabricating high-quality InAs quantum dots ͑QD's͒ in GaAs. [1] [2] [3] [4] [5] [6] When the thickness of an InAs layer is beyond a critical thickness of around 1.7 ML, the structure is usually composed of an InAs wetting layer and conelike InAs islands deposited on it. The density, size distribution, uniformity, and coverage of such InAs islands were found to be growth condition dependent, and have been investigated by TEM and atomic force microscopy ͑AFM͒ in recent years. [7] [8] [9] The optical studies [10] [11] [12] [13] revealed its excellent radiative recombination, which usually gives a broadband with a reported full width at half maximum ͑FWHM͒ in the range of 50-130 meV. Recent work by Lubyshev et al. 13 presented the unusual temperature dependence of exciton energy in InAs multilayer structures. An anomalous decrease of the FWHM was detected and explained in terms of the tunneling process between InAs dots.
In this paper, we studied the exciton relaxation and thermal activation in InAs multilayer structures via the analysis of cw photoluminescence ͑PL͒ data under different temperatures. It is found that the temperature dependence of the exciton energy and linewidth is significantly different from that obtained in InAs monolayers and submonolayers. The unusual temperature behavior in InAs multilayers is associated with the relaxation effect of carriers, resulting from the spread and penetration of the wave functions of carriers in coupled InAs QDs. In the study of the thermal activation process, we found that potential barriers for InAs excitons to escape thermally from the localized states are different for different structures. For high-quality InAs multilayers, the barrier could be the wetting layer, while in the case of monolayers or submonolayers the carriers are required to overcome the GaAs barrier in order to escape thermally from the localized states.
The samples studied here were grown by MBE on ͑100͒ GaAs substrates. A 0.5-m GaAs buffer layer was deposited first at 580°C, followed by a single InAs layer at 450°C. Then 20-nm GaAs was grown on the top at the same substrate temperature. The growth was monitored by reflection high-energy electron diffraction ͑RHEED͒, and the quantumdot nucleation was seen directly via the onset of a spotty RHEED pattern. The detailed growth description and their high quality as evidenced by TEM, scanning electron microscopy, and x ray will be published elsewhere. The PL measurement was performed in a variable-temperature ͑10-300 K͒ closed-cycle cryostat under the excitation of a 514.5-nm line of an argon laser. The signal from samples was dispersed by a Jobin-Yven HR250 monochromator and detected by a cooled Ge detector. Figure 1 shows low temperature PL spectra of InAs layers with different thicknesses of 1, 1.5, 1.8, 2.5, and 3 ML, respectively. All spectra are dominated by a strong luminescence related to the InAs exciton transitions. GaAs-related 11 528 © 1996 The American Physical Society emissions ͑1.515 and 1.493 eV͒ are much weaker, even though GaAs has a much larger excitation volume. The observed high luminescence efficiency indicates an improved confinement of InAs excitons and a low defect density in the samples; the latter was further supported by the observed linear dependence of the integrated PL intensity on the excitation power. The high efficiency of the luminescence is also indicative of relieving restriction on the energy and momentum relaxation of carriers, known as the phonon bottleneck effect. 14, 15 The emission energy of the InAs layer is found to decrease monotonically with layer thickness, and could be estimated using the effective mass approximation. 16 One remarkable feature in Fig. 1 is a sudden change of the FWHM of the InAs emission. When the InAs thickness is larger than ϳ1.7 ML, the FWHM of the luminescence is dramatically increased, from 17 meV for 1.5 ML to 56 meV for 2.5 ML. This can be understood in terms of spontaneous formation of InAs quantum dots and their size distribution. The size fluctuation ͑both in height and diameter͒ causes a distribution of the density of states over a wide energy range, resulting in a spectrally broad luminescence. Therefore, the sudden change of the FWHM gives direct optical evidence of the formation of InAs QD's. The size distribution was found to depend strongly on the growth conditions and structure parameters 8, 9 The control of the size distribution has been an open challenge for zero-dimensional quantum structures.
In Fig. 1 , it is also noted that no luminescence related to the wetting layer was observed in PL, although the wetting layer was exposed in our TEM. The absence of the luminescence related to the wetting layer is most likely due to the fact that the carriers photogenerated in the wetting layer transfer to the adjacent InAs dots and then recombine there. Later we will show that this wetting layer may act as a potential barrier for the thermal quenching process of InAs carriers at high temperature. Figure 2 presents the temperature dependence of the PL peak energy in different InAs samples. It is clear that the energy variation with temperature falls into two categories: when the InAs layer thickness is smaller than the critical thickness ͑ϳ1.7 ML͒ the photon energy of the InAs layer follows the InAs band gap 17 very closely ͑see the curves denoted 1 and 1.5 ML͒. This behavior is very similar to that observed in a 2D system. 6 However, when the layer thickness is larger than ϳ1.7 ML ͑see, the curves denoted 2 and 2.5 ML͒, the rate of energy shift with temperature becomes much faster, and also shows sample dependence. For example, the rate for 2 ML ͑Ref. 18͒ is measured to be three times higher than the InAs band-gap variation, while the rate in the 2.5-ML sample is only 1.5 times higher. Consequently, in the temperature range from 12 to 160 K, the peak energy of 2-ML InAs was redshifted by 65 meV compared to 35 meV in the 2.5-ML sample. We believe that this unusual temperature dependence is a typical characteristic of selforganized InAs QD's, resulting from the enhanced carrier relaxation process related to the size distribution of quantum dots.
It is well recognized that the size fluctuation has been a problem in the fabrication of QD's. In the self-organized growth of InAs/GaAs layers, the uniformity of InAs dots depends strongly on growth conditions. 8, 9 On the other hand, when the InAs coverage is large enough, the dots may couple with each other. The whole system, therefore, can be regarded as a coupled system, and the wave function of carriers in an individual QD can penetrate into adjacent dots, relieving or partially relieving the phonon relaxation bottleneck by increasing the number of states related to carrier relaxation. When the temperature increases, the coupling and relaxation effects will be enhanced due to increased electronphonon interaction. As a result, photogenerated carriers transfer and relax into energetically low-lying states, giving rise to the fast redshift of the exciton energy. As the FWHM can be taken as a measure of the size distribution of QD's in a sample, a faster redshift of energy would be then expected in a sample with wider linewidth. In our experiments, the FWHM of the 2-ML sample is 75 meV, compared to 56 meV in the 2.5-ML InAs. This explains the observed faster redshift of PL energy in the 2-ML sample.
An efficient relaxation process is also expected to reduce the linewidth at higher temperatures. Shown in Fig. 3 is the FWHM of the PL as a function of temperature for the samples of Fig. 2 . Again, a significant difference can be seen for InAs layer thicknesses larger or smaller than the critical thickness. When the InAs thickness is smaller than ϳ1.7 ML, the FWHM increases monotonously with temperature. The increase of the linewidth with temperature in the InAs monolayer was observed before, and attributed to electronphonon scattering. 6, 19, 20 However, in the case of InAs multilayers, an anormalous decrease of the linewidth with increasing temperature was observed in the temperature range from 12 to 130 K ͑see the curve denoted as 2 ML͒. This can be explained as follows: The broad linewidth at low temperature is mainly determined by the distribution of the localenergy minimum of QD's caused by size fluctuation of InAs islands. When temperature increases, the thermalized carriers can relax over a long distance and find a lower local-energy minimum, resulting in a shrinkage of the linewidth. When   FIG. 2 . Temperature dependence of the PL peak energy for InAs layers of 1, 1.5, 2, and 2.5 ML, respectively. It is important to point out that the line shape of the PL spectra remains Gaussian in the temperature range we studied ͑now shown͒, indicating the size distribution behavior of QD's.
the temperature further increases ͑above 130 K͒, both the electron-phonon scattering and thermal distribution become important. Consequently, the FWHM increases with temperature. We note that the above-mentioned behavior is common for both 2 and 2.5-ML samples, although the rate of variation could be different. We believe that this difference is partly associated to the uniformity of sample.
The temperature dependence of the wavelength-integrated intensity of InAs luminescence is displayed in Fig. 4 . Using the dependence of IϭC exp(E A /kT), [21] [22] [23] we extract the corresponding thermal activation energies from the hightemperature region of the figure, where the observed thermal quenching of the PL is mainly related to the escape process of the dissociated excitons ͑electron-hole pairs͒ into the corresponding barriers.
Thermal activation energies of 27, 64, 110, and 105 meV were estimated for 0.5-, 1-, 2-, and 2.5-ML InAs, respectively. Note that the values of 27 and 64 meV are very close to 28 and 67 meV, the energy differences between GaAs band-gap and InAs exciton emissions in the 0.5-and 1-ML samples, respectively. While the values of 110 and 105 meV are comparable to 106 and 120 meV, the energy differences between the PL emissions of InAs QD's and the wetting layers 24 for the 2-and 2.5-ML InAs samples, respectively. Our results suggest that, for InAs monolayers or submonolayers the barrier is GaAs, while for high-quality InAs multilayers the wetting layer may serve as a barrier for the thermionic emission of carriers. Finally it is important to point out that the thermal activation energy measured from the Arrhenius plot is not always comparable to the values related to GaAs or InAs wetting-layer barriers. Any defects and dislocations in the material will provide nonradiative channels to quench the luminescence, and consequently reduce the thermal activation energy. This was observed in our thick ͑3 and 6 ML͒ InAs samples.
In conclusion, by studying the temperature dependence of the PL we are able to study the exciton relaxation process and thermal activation in self-organized InAs quantum dots. A sudden increase of the PL linewidth at an InAs thickness around ϳ1.7 ML indicated a spontaneous formation of InAs QD's and their size distribution. The enhanced relaxation of photogenerated carriers was evidenced by the experimentally observed fast redshift of PL energy, and an anomalous decrease of linewidth with increasing temperature. In studying the thermal activation process we found that the potential barriers for InAs excitons to escape thermally from localized states are different when the InAs thickness is larger or smaller than the critical thickness. For high-quality InAs multilayers, the barrier could be the wetting layer, while in the case of monolayers or submonolayers the carriers are required to overcome the GaAs barrier in order to escape thermally from the localized states. 
